low efficiency of reinitiation characteristic of uORF4 can be reconstituted in a hybrid element in which the last codon of uORF1 and 10 nucleotides 3' to its stop codon (the termination region) are substituted with the corresponding nucleotides from uORF4. To define the features of these 13 nucleotides that determine their effects on reinitiation, we separately randomized the sequence of the third codon and termination region of the uORF1-u0RF4 hybrid and selected mutant alleles with the high-level reinitiation that is characteristic of uORF1. The results indicate that many different A+U-rich triplets present at the third codon of uORF1 can overcome the inhibitory effect of the termination region derived from uORF4 on the efficiency of reinitiation at GCN4. Efficient reinitiation is not associated with codons specifying a particular amino acid or isoacceptor tRNA. Similarly, we found that a diverse collection of A+U-rich sequences present in the termination region of uORF1 could restore efficient reinitiation at GCN4 in the presence of the third codon derived from uORF4. To explain these results, we propose that reinitiation can be impaired by stable base pairing between nucleotides flanking the uORF1 stop codon and either the tRNA which pairs with the third codon, the rRNA, or sequences located elsewhere in GCN4 mRNA. We suggest that these interactions delay the resumption of scanning following peptide chain termination at the uORF and thereby lead to ribosome dissociation from the mRNA.
Regulation of the GCN4 gene of Saccharomyces cerevisiae is one of the best-characterized examples of genespecific translational control in a eukaryotic organism (reviewed in references 21 and 22) . In wild-type yeast cells, GCN4 mRNA is translated efficiently only when cells are starved for an amino acid. Because GCN4 is a transcriptional activator of amino acid biosynthetic genes, increased translation of GCN4 mRNA can overcome the amino acid limitation which signalled its derepression. Translational control of GCN4 depends on four short open reading frames of two or three codons in length present in the GCN4 mRNA leader, of which the first (uORF1) and fourth (uORF4) are sufficient for nearly wild-type regulation. The presence of uORF4 alone results in constitutively repressed GCN4 translation. In contrast, uORF1 is a relatively weak translational barrier that must be present upstream of uORF4 for the derepression of GCN4 translation that occurs in response to amino acid starvation (32) .
In addition to the uORFs, derepression of GCN4 translation in starved cells is dependent on a reduction in the level of active eukaryotic translation initiation factor 2 (eIF-2) (13) . The function of eIF-2 in the initiation process is to bind charged initiator tRNA"' in a ternary complex with GTP to the small ribosomal subunit, forming a 43S preinitiation complex (for reviews of translation initiation, see references 35 and 50) . The reduction in eIF-2 function that triggers derepression of GCN4 is mediated by phosphorylation of the a subunit of eIF-2 by the protein kinase GCN2 (13) , a mechanism also utilized in mammalian cells to reduce the levels of active eIF-2 under stress conditions (10, 17, 29) . According to our recent model (1, 13) , ribosomes translate uORF1, remain associated with the mRNA, and resume scanning downstream. Under nonstarvation conditions when the level of active eIF-2 is high, essentially all ribosomes would quickly rebind the eIF-2. GTP. Met-tRNA1Met ternary complex and reinitiate translation at uORF2, -3, or -4, after which they would dissociate from the mRNA. Under starvation conditions when the amount of active elF-2 is diminished, many ribosomes would fail to rebind the ternary complex until after scanning past uORF2 to -4; those ribosomes which rebind ternary complex while scanning between uORF4 and GCN4 would be able to reinitiate at GCN4 instead.
In our model, the positive function of uORF1 resides in its ability to impose a reinitiation mechanism on translation of the downstream ORFs in GCN4 mRNA (30) . It is thought that ribosomes bind the ternary complex before interacting with the 5' end of mRNA (35) . Thus, while reducing the level of eIF-2 activity by phosphorylation of eIF-2 should decrease the rate of ribosome binding at the mRNA cap, it should not cause leaky scanning past the first AUG encountered in an mRNA. This would explain why uORF4 is efficiently recognized under starvation conditions in mutant GCN4 transcripts when it is the 5'-proximal start site on the mRNA. In contrast to conventional initiation events, ribosomes that translate uORF1 must rebind the ternary complex in the time that it takes to scan from uORF1 to the next AUG codon. As a result of this kinetic constraint, reinitiation at uORF4 can be effectively suppressed by decreasing the concentration of ternary complexes in the cell. The regulatory mechanism just described depends entirely on (i) the tendency of ribosomes to remain associated with the mRNA and resume scanning following translation of uORF1 and (ii) their failure to reinitiate downstream after translating uORF4. We showed previously that moving uORF4 upstream to the position normally occupied by uORF1 decreased the inhibitory effect of uORF4 on GCN4 expression by two-to threefold (30) , in accord with the known dependence of reinitiation on the scanning distance from the uORF to the next start site (28) . However, even when uORF4 was present at the position of uORF1 in the GCN4 leader, uORF4 remained ca. 10-fold more inhibitory than uORF1 to GCN4 translation. These results suggested that sequence differences at the two uORFs make a large contribution to their very different abilities to allow reinitiation at the GCN4 start site. This conclusion was strengthened by the fact that replacing the last codon of uORF1 and the 10 nucleotides (nt) immediately following its stop codon with the corresponding nucleotides from uORF4 made uORF1 a strong barrier to GCN4 translation, equivalent in this respect to uORF4. These same sequence replacements also reduced GCN4 expression when the mutant copy of uORF1 was situated upstream of uORF4 in the GCN4 leader. From these. results, it was proposed that the wildtype sequences immediately surrounding the termination codon of uORF4 promote ribosome dissociation from the mRNA following translation of the uORF, whereas the wild-type sequences at uORF1 allow ribosomes to resume scanning and reinitiate downstream following translation termination (30) .
In the present study, we have undertaken a more extensive analysis of the sequence requirements for efficient reinitiation at GCN4 following translation of uORF1 in an effort to gain new insight into the process of translation reinitiation. The approach that we took was to randomize sequences of the last triplet of uORF1 and 10 nt following its stop codon and select mutant alleles for which reinitiation occurs at GCN4 with an efficiency comparable to that given by wild-type uORF1. The results of our analysis indicate that many different sequences rich in A+U bases surrounding the uORF1 termination codon are compatible with efficient reinitiation at GCN4. On the basis of these findings, we propose that efficient reinitiation at GCN4 depends on the ability of ribosomes to exit the uORF1 termination region and resume scanning immediately after peptide chain termination.
MATERIALS AND METHODS Construction of mutant GCN4 alleles. Mutant GCN4 alleles were generated in plasmid pM37 (30) (40) . Multiple substitutions were introduced in the 3 nt upstream of the uORF1 stop codon or in the 10 nt immediately downstream of the stop codon by inserting into pM37 mutagenic oligonucleotides in which all four bases were introduced at random in these 13 positions during oligonucleotide synthesis. In an effort to determine whether the four bases were equally represented at the mutagenized positions in the resulting pool of plasmids, we sequenced the insertions in 60 clones selected at random from the pool of bacterial transformants (data not shown). The results suggested a modest bias toward A and T residues (18% G, 34% A, 28% T, 20% C) at the 13 mutagenized positions. The 27 clones that we isolated by screening the pool of mutant plasmids for high-level GCN4 expression in S. cerevisiae (see Table 2 ) showed a substantially greater bias toward A residues and against C and G residues (9% G, 47% A, 29% T, 14% C) than that determined for the starting pool. A statistical analysis using a chi-square test indicated that the probability that a set of mutant plasmids with the nucleotide content of the 27 clones that we selected in S. cerevisiae would be obtained by random sampling of the starting pool was less than 1%.
Derivatives which contained a point mutation in the ATG codon of uORF4 were generated by replacement of the 450-nt EcoRI-BamHI fragment, which extends from mutated uORF2 to codon 55 of the GCN4 coding sequence, with the analogous fragment from p227 containing point mutations in the ATG codons of all four uORFs (32) . GCN4-lacZ derivatives were made by inserting a 3.2-kb BamHI fragment containing codons 9 through 1023 of lacZ at the GCN4 BamHI site (19) .
Overexpression of tRNA2c5u. The high-copy-number 2,um TRP1 plasmid pRS424 (8) (4, 49) . Plasmid pMB38-9merWT contains a +1 frameshift reporter gene consisting of the beginning of HIS4A fused to 9 bp containing the Tyl frameshift site, followed by lacZ coding sequences in the -1 frame with respect to HIS4A. Thus, expression of 0-galactosidase from this construct is a measure of +1 frameshifting in the 9-nt Tyl sequence. Plasmid pMB38-9merIF is an analogous construct in which HIS4A and lacZ are fused in frame (4) . The frequency of frameshifting in a given strain is calculated as the ratio of 0-galactosidase activity produced from construct pMB38-9merWT to that produced from pMB38- histidine biosynthetic pathway that is derepressed by GCN4 in response to starvation. GCN4-lacZ fusion activity was assayed under nonstarvation conditions in strains H15
(MATot gcn2-1 leu2-3 leu2-112 ura3-52) and F98 (MA4Ta gcdl-101 ura3-52) exactly as described previously (32) .
RNA blot hybridization analysis. Total RNA was isolated from cells grown under nonstarvation conditions (SD medium supplemented with histidine, arginine, and tryptophan) and subjected to blot hybridization analysis with radionucleotide probes for GCN4 and pyruvate kinase (PYKJ) mRNAs, all as described previously (20) except that a 600-bp KIpnI fragment spanning the region from uORF3 to the KpnI site in the GCN4 coding region was isolated from pGl and used to prepare the probe for GCN4 mRNA.
RESULTS
The sequence of the last codon and termination region of uORF1 affects the efficiency of ribosomal reinitiation at GCN4. To carry out a mutational analysis of the termination regions of the GCN4 uORFs, we used the GCN4 construct in plasmid pM37 (30) , containing wild-type uORF1 and -4, point mutations in the ATG codons of uORF2 and -3, and unique restriction sites that allow cassette mutagenesis of uORF1 and its surrounding sequences (Fig. 1A ). uORF2 and -3 are dispensable for regulation of GCN4 translation, and their absence in pM37 greatly simplifies analysis of the sequence requirements at uORF1 and -4 for translational control. In a previous study (30) , the pM37 construct was used to replace sequences surrounding the stop codon at uORF1 with the corresponding nucleotides present at uORF4, and the effects of these mutations on GCN4 expression were evaluated. By using one assay, the various GCN4 alleles were tested for the ability to complement a gcn4A allele in a gcn4A hisl-29 strain and restore derepression of genes in the histidine biosynthetic pathway under GCN4 control. The hisl-29 mutation reduces the activity level of the first enzyme in the histidine biosynthetic pathway, and derepression of hisl-29 transcription by GCN4 is required for growth on -His medium. A more stringent test for the level of GCN4 expression in gcn4A hisl-29 transformants is to demand growth in the presence of 3-AT, an inhibitor of the HIS3-encoded step of the histidine pathway. By measuring growth rates of gcn4A hisl-29 transformants on -His medium with or without 3-AT, it is possible to measure the expression of different GCN4 alleles in vivo over a wide range. By using a second assay, GCN4-lacZ translational fusions were constructed for each allele, and the amount of ,-galactosidase produced by these constructs was measured in gcn2 and gcdl mutant strains that are constitutively repressed or derepressed, respectively, for the general control response. In previous studies, we have observed very good agreement between the results of the complementation tests and the level of GCN4-lacZ expression measured in the gcdl mutant (1, 30, 32) .
The results shown in Fig. 1 summarize and extend the main conclusions of our previous study in showing that replacement of 13 nt surrounding the stop codon of uORF1 with the corresponding sequences from uORF4 severely impairs derepression of GCN4 expression. As expected, when introduced into the hisl-29 gcn4A strain H1664, the parental construct pM37 allowed growth on both -His and 3-AT media ( Fig. 1C and columns labeled "with uORF4" in Fig. 1B) , and the corresponding GCN4-lacZ fusion showed ca. 11-fold-higher expression in the gcdl mutant than in the gcn2 strain (Fig. 1B) . In contrast, the mutant construct in which the third codon and 10 nt from uORF1 were replaced by the corresponding sequences from uORF4 (pGl) conferred poor growth on -His and 3-AT media and greatly reduced GCN4-lacZ expression in the gcdl strain. The substitutions in the pGl construct impaired derepression of GCN4 expression to the same extent as removing the ATG start codon of wild-type uORF1 (32) . In constructs pG57 and pG58, the last codon and 10 nt following the uORF1 stop codon, respectively, were replaced with uORF4 sequences to examine the relative contributions of these sequence elements to the inhibition of GCN4 expression by the uORF1-uORF4 hybrid. Replacing only the 10 bases 3' to the uORF1 stop codon (henceforth called the termination region) with the corresponding sequences from uORF4 (yielding pG58) diminished derepression of GCN4 to nearly the same extent as seen for the substitution of all 13 bases in pG1 (Fig. 1) . In contrast, substitution of the last codon of uORF1 with the corresponding codon from uORF4 (pG57) had little effect on GCN4 expression. Introduction of the third codon did, however, appear to exacerbate the inhibitory effect of the uORF4 termination region on GCN4 expression ( Fig. 1 ; compare pG58 with pGl for growth on -His medium and GCN4-lacZ expression).
A construct that contains wild-type uORF1 alone in the leader exhibits constitutively high levels of GCN4 expression because uORF4 is required for efficient repression of GCN4 translation under nonstarvation conditions (31) . In accord with our previous results, the substitutions at uORF1
in pGl-and pG58 that reduced the ability of uORF1 to derepress GCN4 expression in the presence of uORF4 also made uORF1 more inhibitory when it was present alone in the leader (Fig. 1B) bilities, it became necessary to characterize triplets in addition to those initially selected from the pool of mutagenized plasmids. Some of these were identified by sequencing 17 plasmids isolated at random from bacterial transformants containing the mutagenized pool (marked with single asterisks in Table 1 ). Rather than screening a large number of additional plasmids from the mutagenized pool, we decided to introduce the remaining desired triplets by site-directed mutagenesis. The triplets evaluated by this directed approach are indicated in Table 1 by double asterisks.
The first possibility that we considered is that the amino acid encoded by the third triplet may affect the ability of ribosomes to complete elongation, termination, or the resumption of scanning following release of the peptide chain at uORF1. For example, there are several reports indicating that the nascent peptide encoded by an uORF can influence the behavior of the elongating ribosome in a way that affects the flow of scanning ribosomes to the downstream coding sequences (18, 41, 47) . The fact that the UAA or UGA nonsense codons present in the third triplet of uORF1 were found to confer high-level reinitiation at GCN4 in the presence of the uORF4 termination region (Table 1) is consistent with the possibility that reinitiation is impaired by certain amino acids at the C terminus of the uORF1-encoded peptide. However, this hypothesis was made very unlikely by the fact that synonymous codons specifying serine (UCU, UCA, UCC, and UCG), cysteine (UGU and UGC), arginine (AGA, AGG, CGG, and CGC), lysine (AAA and AAG), glutamine (CAA and CAG), and asparagine (AAC and AAU) were found to show markedly different effects on reinitiation (Table 1 and Fig. 2 ). This is best illustrated by four different arginine codons in Table 1 that each belongs to a different phenotypic group, including the two groups of triplets showing highest or lowest GCN4 expression.
The second possibility that we considered was that reinitiation would be affected by interactions between the tRNA decoding the third triplet and either the tRNAj)'c that decodes the second triplet of uORF1 or with a noncognate tRNA attempting to decode the UAA stop codon of uORF1. Such side-by-side interactions between tRNAs bound to the decoding sites on the ribosome are thought to be important in determining the rate of elongation (14) and the efficiency alleles contained on the indicated plasmids were tested for complementation of the gcn4A allele in strain H1664 for the inability to grow on -His or 3-AT medium exactly as described for Fig. 1 . SD, growth on medium containing histidine. GCN4 alleles on plasmids pG94, pG58, pG10, pG47, and pGl contain UGU, UGC, CCC, CCA, and CCG triplets, respectively, at the third codon of uORF1, as shown in Table 1 . pG32 and pG44 contain in their termination regions the antipreference and preference sequences, respectively, derived in Table 3 . The construct on pG41 has the rare arginine codon AGG at the last codon of uORF1 and is present in strains which were transformed with high-copy-number plasmid pG54 bearing the gene encoding the cognate tRNA C or with vector pRS424 alone (see text for details). pM37 contains the wild-type parental GCN4 allele, and YCp5O is the vector containing no GCN4 allele.
of nonsense suppression (45) . As above, the ability of the two nonsense codons to promote reinitiation at GCN4 could be explained by this hypothesis, since the presence of these two triplets would eliminate the proposed tRNA-tRNA interactions that hinder reinitiation. This class of hypothesis was made less likely by the fact that, the UGU and UGC codons, believed to be decoded by the same cysteine isoacceptor tRNAoctA (16) , have very different effects on reinitiation (Table 1 and Fig. 2) . Similarly, the serine UCU and UCC codons, the proline CCU and CCC codons, and the asparagine AAC and AAU codons should be decoded by the same isoacceptors (16) but have clearly distinguishable effects on reinitiation at GCN4 ( Table 1) .
The third codon in wild-type uORF4 is a rare proline codon (CCG), raising the possibility that codon usage could be correlated with the ability to promote reinitiation. Like most organisms, S. cerevisiae shows a biased usage of synonymous codons in highly expressed genes (42, 43) , and this bias is correlated with tRNA abundance (24) . Rare codons tend to be decoded by the least abundant isoaccepting tRNAs, whereas the most frequently used synonymous codons are recognized by more abundant cognate tRNAs. One way in which the last codon at uORF4 might affect reinitiation would be to cause ribosomes to pause, waiting for a rare tRNA to pair with a nonpreferred codon in the A site of the ribosome. This model could also explain the ability of the stop codons to promote reinitiation as the result of eliminating the elongation pause at the third codon of uORF1. Accordingly, we tabulated the relative synonymous codon usages (RSCU) for each of the codons that were characterized for their effects on reinitiation in Table 1 . A high RSCU value indicates that the codon is used much more frequently than the synonymous codons for that amino acid.
In general, we found that triplets which disfavor ribosomal reinitiation at GCN4 had lower RSCU values than the class of triplets which promote reinitiation. There were, however, some notable exceptions to this rule: the GUA valine, AUA isoleucine, and CGC arginine codons have very low RSCU values but were found to promote relatively high levels of reinitiation at GCN4, especially for the GUA valine triplet, whereas the CCA proline codon, UCC serine, and AAC asparagine codons have relatively high RSCU values and disfavor continued scanning and reinitiation (Table 1 and Fig. 2) .
As an additional test of the idea that triplets disfavor reinitiation at GCN4 simply because they are decoded by rare tRNAs, we determined the effect on GCN4 expression of increasing the abundance of the isoacceptor tRNA for the rare arginine codon AGG. This codon was chosen because it has been implicated in the frameshifting mechanism of the yeast Tyl retrotransposons. In these elements, the AGG codon is situated immediately 3' of the slippery sequence where ribosomes shift reading frame. It is thought that when ribosomes are paused at the AGG codon waiting for the rare tRNA&c9 to enter the A site, they have enough time to shift reading frame 4). In accord with this hypothesis, overexpressing tRNACCg& has been shown to reduce the efficiency of frameshifting in Tyl (4, 49) . If the AGG codon exerts its negative effect on reinitiation at GCN4 by making ribosomes pause immediately prior to the uORF1 stop codon, then overexpressing the cognate tRNAcgU should overcome this effect and promote increased expression of GCN4.
To test this prediction, we introduced a multicopy plasmid (pG54) encoding tRNA&& into a transformant of strain H1664 containing the GCN4 construct with the AGG arginine codon at the third position of the hybrid uORF1-uORF4 element (pG41). This codon is relatively poor in promoting reinitiation at GCN4 ( Table 1) . As shown in Fig. 2 , the presence of the tRNAt&r gene on the multicopy plasmid had no detectable effect on GCN4 expression from pG41. We verified that the presence of pG54 in strain H1664 led to a significant reduction in the efficiency of frameshifting in Tyl (from 26% to 5%; see Materials and Methods). This result confirms the idea that being decoded by a lowabundance tRNA is neither necessary nor sufficient to make a particular codon in uORF1 incompatible with reinitiation at GCN4. Finally, we noticed that 6 of the 15 triplets selected by random screening for high levels of reinitiation at GCN4 contained only A or U bases (AAA, AAU, UUU, UUA, UAU, and UAA). In addition, the remaining codons identified by random and directed mutagenesis which favor reinitiation were predominantly A+U rich, containing only one C or G base. In contrast, the majority of the triplets which conferred low levels of reinitiation at GCN4 contain C or G bases at either two or all three positions. The correlation between A+U content and efficient reinitiation at GCN4 for the codons in Table 1 is shown graphically in Fig. 3 . On the basis of these findings, we suggest that the defining feature of the many different triplets that confer efficient reinitiation at GCN4 when present at the third codon of uORF1 is their high A+U content rather than the particular tRNAs with which they pair or the amino acids that they encode.
A+U-nch bases in the termination region of uORFI favor reinitiation at GCN4. To probe the sequence requirements for reinitiation in the uORF1 termination region, we randomized the 10 bases immediately following the stop codon of the uORF1-uORF4 hybrid containing the inhibitory CCG proline codon from uORF4. As above, we selected con- Table 1 were analyzed by plotting the qualitative growth rates on 3-AT medium that they conferred on gcn4A strain H1664, a measure of GCN4 expression, as a function of the C+G content of the third triplet in uORF1. GCN4 alleles were assigned to one of three expression classes, conferring either no growth (-), weak growth (+), or strong growth (++) on 3-AT medium. structs which permit a high level of reinitiation at GCN4 comparable to that given by the construct containing wildtype uORF1. The alleles that we obtained, derived from a pool of 7,200 different mutant plasmids, represented a small fraction of the 410 possible alleles containing different combinations of four bases at the 10 positions following the uORF1 stop codon. We selected alleles allowing the highest level of GCN4 expression by plating transformants of strain H1664 (gcn4A hisl-29) bearing mutagenized plasmids directly onto minimal medium supplemented with a low concentration of histidine (4.3 R,M). Under these growth conditions, strain H1664 transformed with vector alone or with the hybrid uORF1-uORF4 plasmid pGl cannot form colonies, whereas introduction of plasmid pG57 containing the uORF1 termination region and the uORF4 CCG proline codon allows efficient colony formation (data not shown). Using this selection technique, we isolated 27 alleles that restored growth on -His and 3-AT media in strain H1664 to roughly the same extent seen for construct pG57. These phenotypes and the sequences of the uORF1 termination regions for the selected alleles are shown in Table 2 .
Inspection of the sequences listed in Table 2 revealed a very heterogeneous collection of termination regions that promote efficient reinitiation at GCN4 (Table 3) . Thus, many different sequences can mimic the termination region of uORF1 and promote efficient reinitiation at GCN4 in the presence of the CCG proline codon from uORF4. Although the termination regions shown in Table 2 are diverse in sequence, significant preferences were observed at most positions. For example, A was found at position 1 (immediately 3' of the stop codon) in 20 of 27 different alleles, and a G was never found in this position. Certain bases, such as G at positions 3 and 8, were significantly underrepresented at Table 3 . d The least and the most preferred nucleotides in the termination region for promoting efficient reinitiation at GCN4, derived from Table 3 , were used to make plasmids pG32 and pG44, respectively.
e The data for uORF1 and uORF4 were obtained from constructs pM37 and pG58, respectively, as shown in Fig. 1. other positions as well. On the basis of the occurrence of bases at each position in the 27 sequences analyzed, we derived a preference sequence containing the most preferred base at each position, which was either A or U. We also determined an antipreference sequence containing the least preferred bases, which were predominantly C or G bases ( Table 3) . As described in Materials and Methods, the starting pool of mutagenized plasmids appeared to be somewhat biased toward A residues; however, our statistical analysis indicated that the sequence preferences that we detected among the termination sequences that promote efficient reinitiation were very unlikely to have arisen by chance alone (see Materials and Methods).
As a test of the functional significance of the sequence preferences shown in Table 3 , we asked whether the derived preference and antipreference sequences would have the expected opposing effects on reinitiation at GCN4. To answer this question, we constructed plasmids pG44 and pG32 containing the preference and antipreference sequences, 
The sequences in the termination regions of the mutant GCN4 alleles listed in Table 2 (constructs pG115 to pG141) were tabulated by determining the number of occurrences of each of the four bases, and the percent A+U, at each nucleotide in the termination region of uORF1. The consensus sequence shows the bases which occur at greater than twice the frequency of the other three bases at that position. When no single base fulfills this criterion, several bases are listed in the consensus, each of which is twice as frequent as the nonconsensus bases at that position. The preference and antipreference sequences contain the most and least frequent bases, respectively, found at each position of the termination region. Note that A and G bases are equally rare at position 2.
respectively, in their termination regions and the third codon from uORF4. As predicted, the preference termination region in pG44 conferred the same high-level GCN4 expression under starvation conditions seen for the wild-type uORF1 termination region in pG57 and the termination sequences listed in Table 2 . Moreover, the antipreference termination region in pG32 behaved much like the uORF4 termination region in pGl in allowing very little growth under starvation conditions in thegcn4A mutant (Table 2 and Fig. 2) .
On the basis of these findings, we conclude that sequences related to the A+U-rich preference sequence can substitute for the wild-type uORF1 termination region and promote efficient reinitiation at GCN4 in the presence of the inhibitory CCG proline triplet derived from uORF4. In accord with this conclusion, the termination region of wild-type uORF1 matches the consensus sequence in Table 3 at 8 of 10 positions. This is typical of the sequences listed in Table 2 that confer efficient reinitiation and considerably greater than the 4/10 match shown by the uORF4 termination region (Table 2 ). It should be noted, however, that the uORF4 termination region is not a good match to the antipreference sequence (Table 2) . Thus, similarity to the antipreference sequence in the termination region of uORF1 is not required to impair reinitiation at GCN4. It is also noteworthy that the preference termination region is not more efficient at promoting reinitiation at GCN4 than is the wild-type uORF1 termination sequence or a number of the termination sequences shown in Table 2 , despite the presence of several G or C bases in the latter sequences. These results imply that G or C bases can occur at certain combinations of positions in the uORF1 termination region without impairing reinitiation at GCN4.
Dissection of the uORF4 termination region. We next sought to determine the relative contributions of bases in the uORF4 termination region to its strong inhibitory effect on reinitiation. Beginning with the pGl construct (containing the third codon and termination region from uORF4), blocks of nucleotides in the termination region were replaced with the corresponding nucleotides from the preference sequence derived in Table 3 . Specifically, the termination region was divided into a block of 3 nt immediately downstream of the stop codon (block 1), a block of 3 nt in the middle of the termination region (block 2), and the final 4 nt at the 3' end of the termination region (block 3). Replacement of block 1 (CGG) with the preference sequence (AUA) had the strongest effect on reinitiation at GCN4 (Table 4 , pG33), restoring good growth on -His medium and weak growth on 3-AT medium. Replacing only block 2 (UUA) with AAU in pG50 had no detectable effect on reinitiation at GCN4, whereas replacing block 3 (CCUU) with AAUA in pG43 restored good growth on -His medium. Thus, replacing blocks 1 and Table 3 . In constructing pG39, the 3 nt following the stop codon in the termination region of uORF1 (shown in pG57) were replaced with the corresponding nucleotides from the termination region of uORF4 (shown in pG1). Complementation of the gcn4A allele in strain H1664 was assessed exactly as described for Fig. 1 .
VOL. 14, 1994 on a Representative GCN4 alleles containing the indicated sequences at uORF1 were modified by altering the ATG codon of uORF4 to an ATC codon, thereby eliminating uORF4. The parental GCN4 alleles containing uORF4 (listed on the left) and the corresponding constructs derived from them which lack uORF4 were analyzed for the ability to complement the gcn4A allele in strain H1664 exactly as described for Fig. 1 .
3 alone led to the greatest increases in GCN4 expression. Next, pairs of blocks were replaced with the corresponding bases from the preference sequence in plasmids pG51, pG52, and pG53 (Table 4) . Substituting the preference bases for blocks 1 and 2, or for blocks 1 and 3, restored high-level reinitiation at GCN4, permitting good growth on both -His and 3-AT media. Replacement of blocks 2 and 3 was less effective, restoring good growth on -His plates but only weak growth on 3-AT medium; however, replacing blocks 2 and 3 together (in pG53) did confer higher GCN4 expression than occurred when these blocks were substituted singly (in pG50 and pG43). In conclusion, blocks 1 and 3 of the uORF4 termination region appeared to make the largest and secondlargest contributions, respectively, to the inhibitory effect on reinitiation at GCN4. In accord with the idea that high A+U content in the termination region promotes reinitiation, block 1 from uORF4 has the highest G+C content (CGG), followed by block 3 (CCUU), whereas block 2 (UUA) has no C or G bases. On the basis of these results, we predicted that replacing block 1 of the wild-type uORF1 termination region (ACC) with the corresponding bases from uORF4 (CGG) should be sufficient to significantly decrease the efficiency of reinitiation at GCN4, but not to the same extent given by introducing the entire uORF4 termination region at uORF1. This prediction was borne out by the results shown in Table  4 for construct pG39, which showed significantly lower GCN4 expression than the parental construct containing the wild-type uORF1 termination region (pG57) but higher expression than the corresponding construct containing the complete uORF4 termination region (pGl). Mutations in the uORF1 termination region do not affect initiation at uORF1. To confirm that mutations in the uORF1 termination region affected GCN4 expression by altering the efficiency of reinitiation rather than by reducing recognition of the uORF1 start codon, a representative set of mutations was examined for their effects on GCN4 expression in constructs in which uORF1 was present alone in the leader. In accord with previous findings, mutations at uORF1 that impaired derepression of GCN4 in constructs containing uORF1 and uORF4 also reduced GCN4 expression in the corresponding constructs containing uORF1 alone (Table 5) . If the mutations at uORF1 decreased its ability to overcome the inhibitory effect of uORF4 by causing leaky scanning at the uORF1 AUG codon rather than by reducing reinitiation, such mutations would lead to higher GCN4 expression in constructs lacking uORF4 because no barrier to ribosomal scanning would remain in the leader. The fact that all of the mutations analyzed lead to lower GCN4 expression when uORF1 is present alone in the leader indicates that these mutations reduce the ability of ribosomes to reinitiate at GCN4 following translation of uORF1.
Finally, RNA blot hybridization analysis was conducted to measure the size and steady-state levels of GCN4 mRNA for a representative set of alleles (Fig. 4) 30 -fold more inhibitory than uORF1 to GCN4 expression (1, 32) . Moving uORF4 upstream into the normal position of uORF1 lessens its inhibitory effect on GCN4 translation; however, even at the same position in the leader, uORF4 remains about 10-fold more inhibitory than uORF1. Miller and Hinnebusch (30) showed that this difference was conferred primarily by sequences immediately surrounding the stop codons of the two uORFs. For this reason, and because uORF1 and uORF4 were shown to function comparably as translation initiation sites (33) , it was suggested that uORF1 is less inhibitory than uORF4 to GCN4 expression because it allows more ribosomes to resume scanning and reinitiate after its own translation has terminated. The present study was aimed at defining more precisely the sequence requirements at uORF1 for reinitiation at GCN4 as a first step toward understanding the role of these sequences in translation termination and subsequent reinitiation events.
The last codon of uORF1 could affect the flow of scanning ribosomes to GCN4 in any of several distinct ways. The ability to promote a high efficiency of reinitiation was conferred by many different triplets specifying numerous amino acids. The triplets that conferred low-level reinitiation also encoded a variety of amino acids. Clearly, the distinct reinitiation properties of uORF1 and uORF4 are not uniquely dependent on the UGC cysteine and CCG proline triplets found in the wild-type uORFs. In fact, we discovered that the UGC triplet in wild-type uORF1 is much less efficient than numerous A+U-rich codons in promoting reinitiation. These observations, combined with the fact that synonymous codons for the same amino acid were found to have markedly different effects on reinitiation, led us to conclude that the particular amino acid present at the C terminus of the nascent uORF1 peptide has no role in determining the reinitiation efficiency. The fact that most triplets that we identified as incompatible with reinitiation are underutilized in yeast genes and probably decoded by low-abundance tRNAs suggested the possibility that the rate of decoding the triplet during the elongation phase of translation will affect the probability of reinitiation. We do not favor this hypothesis, however, because we found that increasing the decoding rate for the AGG arginine triplet by increasing the gene dosage of its cognate tRNA did not have a perceptible effect on reinitiation when the AGG triplet was present in uORF1. In addition, we found that certain poorly utilized codons were compatible with very efficient reinitiation, whereas some preferred codons had a very low reinitiation potential.
Having rejected the idea that the third triplet exerts its effect on GCN4 expression at the elongation phase of translation, we next considered the possibility that it influences reinitiation by affecting the rate of translation termination and the resumption of scanning following release of the peptide chain. When a ribosome reaches a termination codon (UAA, UAG, or UGA), a peptidyl-tRNA occupies the ribosomal P site and the A site is empty. In eukaryotes, a single release factor (RF) recognizes any of the three termination codons and binds together with GTP to the ribosome. Hydrolysis of the peptidyl-tRNA is catalyzed by the peptidyltransferase, and the release of the peptide chain from the ribosome is followed by GTP hydrolysis. This promotes liberation of the RF from the ribosome and release of the deacylated tRNA (reviewed in reference 11). In E. coli, an additional protein known as ribosome-releasing factor (RRF), acting in conjunction with elongation factor G, stimulates dissociation of the ribosome from the mRNA following release of the peptide chain (23, 39) . It is not known whether an RRF-like activity is required in eukaryotes. There is evidence, however, that some aspect of the termination stage of protein synthesis in eukaryotes is slow compared with the decoding of sense codons (48) . In the model presented below, the third triplet and termination region of uORF1 influence the probability of reinitiation by affecting the final steps of termination and the resumption of scanning following release of the peptide chain.
Our hypothesis is based in part on the observation that E. coli ribosomes can reinitiate translation more efficiently downstream of a termination codon in cell-free translation systems depleted of RRF (39) . We assume that an RRF-like factor is present in eukaryotes and that it cannot stimulate dissociation of ribosomes from the mRNA once the ribosome (or 40S subunit) returns to the scanning mode following peptide chain release. Thus, the probability of RRFcatalyzed dissociation of the ribosome following release of the peptide chain would be directly proportional to the time that it takes to resume scanning and exit the termination region. Accordingly, a rapid resumption of scanning would increase the probability of reinitiation downstream. We propose that the presence of G+C-rich sequences surrounding the uORF1 stop codon prevents a rapid resumption of scanning following peptide chain release, leading to ribosome dissociation from the mRNA and a low frequency of reinitiation.
The major interactions stabilizing RNA secondary structure are base pairing and stacking. A consideration of thermodynamic parameters for base pairs in RNA secondary structures suggests that interactions involving a CG base pair are more stable than those involving AU base pairs and that the most stable interactions involve adjacent CG base pairs as a result of high stacking energies (44) . The marked preference for AU-rich sequences in both the preceding triplet and the 10 nt following the stop codon at uORF1 may indicate that stable base-pairing interactions involving these sequences disfavor completion of the termination process and resumption of scanning. Consideration of the codon substitutions analyzed in Table 1 shows that the codons most restrictive for reinitiation are predicted to form adjacent CG base pairs when pairing with the anticodons of their cognate tRNAs. Thus, one possibility is that strong codon-anticodon interactions at the third codon of uORF1 will lead to slow dissociation of the deacylated tRNA left in the P site of the ribosome following peptide chain release. If dissociation of deacylated tRNA from the P site is required for the resumption of scanning, as seems likely, this would increase the time spent by the ribosome in the termination region and the probability of RRF-catalyzed ribosome dissociation from the mRNA. This notion is consistent with previous experiments showing that purified tRNAs bind with different stabilities to synonymous codons that differ at the wobble position (46) . In addition, the stability of the tRNA-mRNA interaction has been demonstrated to affect the frequency of frameshifting on the RF2 programmed frameshift site in E. coli (12 (27, 37) , and it has been shown that introduction of stem-loop structures or G + C-rich sequences into yeast mRNA leaders can dramatically reduce translation of the downstream coding sequences (3, 9) . Thus, stable interactions between the termination region of uORF1 and sites either on the rRNA or elsewhere in GCN4 mRNA could prevent rapid exit of the ribosome from the termination region, increasing the probability of ribosome dissociation from the mRNA.
It could be argued that the sequences surrounding the uORF4 stop codon form a secondary structure that simply blocks the movement of scanning ribosomes to GCN4 without promoting ribosome dissociation from the mRNA. This model seems unlikely in view of the small size of the uORF4 termination region and the independent inhibitory effects on reinitiation contributed by the last codon and two separate blocks of nucleotides in the termination region. In addition, these sequences do not inhibit GCN4 translation when they are present at uORF4 in the absence of the uORF4 start codon (20, 32) . The fact that the uORF4 sequences reduce GCN4 expression only when they surround the stop codon of a functional uORF argues that their inhibitory effects on reinitiation are coupled to the termination process. In contrast, insertions of sequences with the potential to form stable stem-loop structures have been shown to inhibit GCN4 translation independent of their position relative to uORF4 (1) .
A final possibility is that the sequences surrounding the stop codon are recognized by the putative RRF or by a sequence in the rRNA that contributes to the termination process and that G+C-rich sequences in the termination region interfere with the function of these termination factors. For example, in E. coli, the 3' end of the 16S rRNA has been implicated in termination and may interact directly with the stop codon (34) . However, this region is not conserved in yeast rRNA. The 10 nt downstream of the uORF4 stop codon are complementary in 8 of 10 positions to a sequence present at the 3' end of 18S rRNA (30) , and it has been proposed that this region of the 18S rRNA interacts with the 5S rRNA located in the large subunit (2). This 18S-5S RNA interaction may be involved in the reversible association of the subunits during protein synthesis. However, point mutations which would disrupt crucial base pair interactions in this proposed uORF4 termination region-18S rRNA interaction were found to have no discernible effect on reinitiation (data not shown).
A recent compilation and statistical analysis of sequences flanking translation termination sites revealed no strong consensus sequence for termination in any organism examined; however, certain bases are preferred at the nucleotide immediately 3' to the stop codon (5-7). In S. cerevisiae, there is a bias toward purines and uridines 3' of the stop codon and a strong bias against the CG dinucleotide immediately following the terminator, which was proposed to cause faulty termination or failure of the ribosome to dissociate from the mRNA. Interestingly, it was noted that no yeast mRNA contains CGG or CGU immediately downstream of the stop codon for a major coding region and that uORF4 is unique in having the CGG triplet at this position. In contrast, the preference termination sequence derived in Table 3 that is permissive for reinitiation conforms to a typical termination region in S. cerevisiae. Perhaps the CGG triplet is avoided because it holds the ribosome in the termination region too long and this property is exploited by uORF4 to promote efficient ribosome dissociation from the mRNA. This explanation implies that translation of typical mRNAs can be stimulated by the retention of ribosomal subunits in the 3' untranslated region following peptide chain release. Perhaps these subunits can be recycled efficiently to the 5' end of the mRNA for new rounds of initiation. This proposal is in accord with the data in Table 4 indicating that the CGG triplet makes the largest contribution of the uORF4 termination region to the inhibition of reinitiation.
According to the models presented above, a sequence present in the termination region of uORF1 will be compatible with efficient reinitiation at GCN4 so long as it does not interact with rRNA, mRNA, or RRF in a way that impedes the resumption of scanning following peptide release. The results shown in Table 2 suggest that a relatively large number of A+U-rich sequences, in addition to the termination sequence from wild-type uORF1, will fulfill these criteria. This might explain why replacing the CCG proline codon from uORF4 with the UAA or UGA stop codons restores efficient reinitiation in the presence of the termination sequence from uORF4 (Table 1 ). In addition to removing the CCG proline codon, these two substitutions change the sequence of the termination region, placing the previous stop codon (UAA) in the first three positions of the new termination region. The fact that the new termination region for these two constructs contains no G or C nucleotides in the critical block of three nucleotides immediately following the stop codon may account for their ability to restore reinitiation; alternatively, a two-codon uORF may be inherently more permissive than a three-codon uORF for reinitiation at GCN4.
The results of dissecting the termination sequence of uORF4 in Table 5 suggest that the number of termination sequences which can efficiently impede the resumption of scanning may be considerably smaller than that which is compatible with reinitiation, since two separate blocks of nucleotides in the uORF4 termination region contribute to its negative effect on reinitiation. In accord with this conclusion, using random mutagenesis, we were unable to identify single base substitutions in the uORF4 termination region that restored efficient reinitiation at GCN4 (data not shown). However, the fact that the antipreference sequence derived in Table 3 does not show a strong resemblance to the uORF4 termination region may indicate that the ability of these two sequences to inhibit reinitiation involves distinctly different interactions with the translational machinery.
In summary, the propensity of the sequences immediately surrounding the terminator of uORF1 to promote efficient reinitiation at GCN4 can be mimicked by numerous sequences whose only obvious defining feature is a high A+U 
